INTRODUCTION
The contribution of fast inhibitory synaptic transmission in modulating MVN neuron output remains unclear, as few studies have directly examined the properties of inhibitory amino acid receptors in any vestibular nucleus neurons, mammalian (Chun et al. 2003), or non-mammalian (Straka and Dieringer 1996; Shao et al. 2004 Shao et al. , 2003 , for review see Straka et al. 2005 . In mammals it is known that activation of γ-aminobutyric acid receptors (GABA A receptors) is important in the commissural pathway that connects medial vestibular nuclei on either side of the brainstem (Furuya et al. 1991; Shimazu and Precht 1966) , and in cerebello-vestibular circuitry (Babalian and Vidal 2000; Cox and Peusner 1990; du Lac and Lisberger 1992) . Also, application of the GABA A receptor agonist muscimol leads to a dose-dependent decrease in the resting discharge of MVN neurons (Johnston et al. 2001; Yamanaka et al. 2000) . Furthermore, changes in GABA A receptor responsiveness have been implicated in the recovery of resting activity in ipsilesional MVN neurons following unilateral labyrinthectomy (Cameron and Dutia 1997; Johnston et al. 2001; Yamanaka et al. 2000) .
Both GABA and glycine immunoreactive neurons, and GABA A and glycine receptors, have been identified in the MVN (Eleore et al. 2005; Eleore et al. 2004; Horii et al. 2004; Spencer and Baker 1992; Takazawa et al. 2004; Vibert et al. 2000) .
Despite this, most electrophysiological data regarding inhibitory synaptic transmission in the MVN has focused on the effect of GABA A agonists on MVN neuron discharge (Johnston et al. 2001; Yamanaka et al. 2000) . No studies have addressed the contribution of glycine acting at functional synaptic connections in modulating MVN output, although application of glycine has also been shown to decrease spontaneous discharge in MVN neurons (Lapeyre and De Waele 1995; Precht et al. 1973; Vibert et al. 2000) . (Beraneck et al. 2003; Gallagher et al. 1985; Johnston et al. 1994; Serafin et al. 1991) . Type A MVN neurons display a large-amplitude, monophasic AHP, whereas type B neurons show a smaller amplitude, biphasic AHP. The varied action potential properties of MVN neurons, including AHP shape, are thought to be due to differences in intrinsic membrane properties (for review Goldberg 2000) . When combined with the effects of synaptic inputs, these intrinsic properties allow regulation of MVN discharge in response to a diverse range of head movements.
In the present study we used whole cell recording techniques to examine GABA A ergic and glycinergic inhibitory synaptic transmission in mouse MVN neurons. Using a combination of voltage-and current-clamp techniques we tested whether GABA A ergic and glycinergic transmission differed in the two major physiological classes of MVN neurons (types A and B). Eighty-one of ninety-six recorded neurons displayed resolvable mIPSCs, and of these neurons, most (69%) expressed exclusively GABA A receptors, 6% expressed exclusively glycine receptors, and 25% expressed both types of receptor.
MATERIALS AND METHODS

Tissue preparation
Mice (C57/Bl6 strain, both sexes) aged 3-8 wks were used in this study. These ages were chosen since by the beginning of postnatal week three (P15) MVN neurons display intrinsic electrophysiological properties that allow identification of type A and type B neurons (Dutia and Johnston 1998). All procedures were in accordance with
The University of Newcastle's animal care and ethics committee guidelines. Mice were deeply anaesthetized with an intra-peritoneal injection of Ketamine (100 mg•kg
Electrophysiology
Following incubation, slices were transferred to a small glass-bottom recording chamber and held in place by nylon threads fixed to a U-shaped flattened platinum wire. The chamber was continually perfused with ACSF (118 mM NaCl substituted for sucrose in sACSF) at room temperature (21-23°C). This temperature was selected in order to compare receptor kinetics with the large GABA A /glycine receptor literature. Furthermore a recent study by Takazawa et al. (2004) concluded that although spike parameters may be affected at room temperature, changes in the classification of MVN neurons is unlikely. Slices were viewed via a fixed-stage microscope (BX51WI, Olympus, Tokyo, Japan) at low power (4X) to identify the MVN. Near infra-red differential interference contrast (IR-DIC) optics and a 40X water-immersion lens were used for visualizing individual MVN neurons. Positioning of the recording electrode was controlled using a motorized manipulator (Model MS-314, Marzhauser Wetzlar, Wetzlar-Steindorf, Germany). mIPSC Recordings Whole-cell voltage-clamp was used to record mIPSCs. After forming a high resistance seal (> 1 GΩ) on the soma of an IR-DIC visualized MVN neuron, the whole-cell recording configuration was established by applying brief suction to the pipette tip. Series and input resistance were calculated from the response to a 10 mV hyperpolarizing voltage step from a holding potential of -70 mV. Input resistance was monitored throughout each experiment by presenting this pulse every 10 seconds. Data were rejected if the series resistance changed by more than 20% during the course of an experiment. Changes in input resistance, on the other hand, were not used as a criterion for excluding neurons since this parameter could be affected by receptor blockade. Series resistance and membrane capacitance were uncompensated. In voltage-clamp, using CsCl internal, GABA A -and glycinemediated mIPSCs were pharmacologically isolated by adding 6-cyano-7-nitroquinoxaline-2-3-dione (CNQX, 10 µM) and tetrodotoxin (TTX; 1 µM) to block AMPA-kainate type glutamate receptors and voltage-activated sodium channels, respectively. These blockers were added after characterization of AP properties. mIPSCs recorded under these conditions represent combinations of GABA A receptor (GABA A R)-and glycine receptor (GlyR)-mediated mIPSCs. The GABA A R antagonist bicuculline (10 µM) was then added to the bath. If all mIPSCs were abolished following the addition of bicuculline, the previously recorded mIPSCs were classified as being exclusively GABA A ergic. mIPSCs that remained following addition of bicuculline were classed as glycinergic and this was confirmed by the abolition of all activity using the GlyR antagonist, strychnine (1 µM). In a limited number of neurons the order of inhibitory antagonist application was reversed (strychnine prior to bicuculline). Altering the conditions in this way did not change GABA A or glycine receptor kinetics. All mIPSC experiments were carried out at a holding potential of -70 mV to block n-methy-d-aspartate (NMDA) glutamate receptors. At least three minutes of data were used for analysis of the various types of mIPSC. To pharmacologically isolate GABA A or glycine receptor mediated mIPSCs required between 11-16 minutes in total. In cases where more than one cell was recorded per slice, at least 30 minutes was allowed to ensure drug washout. TTX was (Fig. 1A1) . In later experiments this activity was allowed time (2-5 min) to become more regular, and served as an indicator for achieving successful whole cell current clamp configuration. In current clamp the tonic AP discharge, a characteristic of MVN neurons, was now observed (Fig. 1A2) .
Typically, APs recorded immediately following breakthrough were characterized by a robust overshoot (more positive than +20mV), and a deep AHP (more negative than60mV). As might be expected, cesium diffusing from the pipette into the neuron, gradually increased AP discharge rate and attenuated spike height (Fig. 1B) . After ~ 6 -30 s the amplifier was switched to voltage clamp and the holding potential set to -70 mV for subsequent characterization of mIPSCs (Fig. 1A3) . These mIPSCs were then pharmacologically dissected into GABA A ergic or glycinergic components for subsequent analysis.
Data analysis
mIPSC analysis Both classes of mIPSCs were analyzed offline using a semiautomated, sliding template protocol within the Axograph analysis package (Clements and Bekkers 1997). A detection criterion was calculated based on the optimum scaling factor and the quality of the fit. Events are detected when the criterion crosses a threshold level. The algorithm also automatically compensates for changes in recording noise. Amplitudes of at least three times the noise standard deviation (3 σ) were accepted. mIPSCs detected by the template were individually assessed and accepted for analysis based on two criteria: (1) mIPSCs did not overlap; and (2) records displayed a stable baseline (2.5 ms) prior to the rising phase and after the decay phase of the mIPSC. Accepted mIPSCs were aligned at their onset and averaged. Peak amplitude, rise time (calculated over 10-90% of peak amplitude), and decay time constant (calculated over 20-80% of the decay phase) were calculated within the Axograph analysis software. The decay phase of both GABA A R-and GlyR-mediated mIPSCs were best fit by a single decay time constant. These quantitative methods are outlined in Figure 2 (bottom panels). For each neuron, at least ten individual action potentials collected following breakthrough were overlaid at their onset (defined as 5% of peak) and averaged to determine AP shape.
The first derivative (dV/dt) of the AHP was then calculated and plotted. As Beraneck et al (2003) In our initial unbiased sample (n = 29), the proportion of neurons classified as type A and B were comparable to previous in vitro studies, accounting for approximately 30% and 70%, respectively (Johnston et al. 1994; Serafin et al. 1991) . To provide an adequate sample of type A neurons for analysis, we deliberately biased our sample towards these neurons during latter experiments.
In addition to characterizing the MVN neuron, we also measured the following AP properties. Spike amplitude was defined as the maximum peak voltage (mV) taken from baseline (2.5 ms before the AP peak). AHP amplitude was defined as the absolute difference between the minimum of the voltage trace and baseline. Spike width was defined as the width of the action potential at 50% of peak amplitude. Spike rise time was defined as the time from 10 to 90% of spike amplitude. In addition, discharge rate was also measured and, like the previous properties, was restricted to the first two seconds after breakthrough before significant changes in spike characteristics were observed. 
Neuronal labeling
In some experiments 0.5% Neurobiotin (Vector Laboratories, Burlingame, CA) was included in the recording electrode solution. Neurobiotin was allowed to passively diffuse into the cell during the recording session. Subsequently, slices were fixed in 4% paraformaldehyde overnight (4 o C). Neurobiotin labeling was assessed using an avidin-biotinylated peroxidase procedure (ABC Kit Elite, Vector Laboratories, Burlingame, CA) with diaminobenzidine (DAB) as the chromogen. Cobalt and nickel intensification was also used in the reaction (Adams 1981). Following visualization, slices were mounted on poly-L-lysine coated slides, air-dried and counterstained with 1% Cresyl violet. They were then passed through an ascending series of ethanols (70%, 95%, 2 x 100%), cleared in xylene, and cover-slipped in Permount (Fisher Scientific, NJ).
Labeled neurons were examined under bright field illumination, and the location of their cell bodies within the MVN was drawn on an outline of the brainstem slice using a drawing tube attached to a microscope (Zeiss Axioskop). Since the shape of the brainstem changes significantly throughout the rostro-caudal extent of the MVN, a set of four templates (≈ 300 µm apart) from The Mouse Brain (Paxinos and Franklin 2001) were used to map the locations of labeled MVN neurons (see Fig. 7 ). Using the seventh cranial nerve as a landmark to determine the most rostral section, subsequent slices were sequentially assigned to the four, rostral to caudal templates. To correct for any distortion due to processing, the outline of the cut slice was scaled to match the template. The scaling factors used were then applied to the labeled neuron's dorso-ventral and medio-lateral position within the slice to calculate its normalized location within the template. For analysis of neuron morphology each cell was drawn at high magnification (1000X). Soma area was taken as the area enclosed by a smooth line that closely followed the soma's border but excluded emerging dendritic processes (Callister et al. 1996) . Soma area and maximal diameter were calculated using an image analysis package (Bioquant Image analysis Corporation, Nashville, TN). In all cases an attempt was made to follow the axon trajectory within the slice. Invariably, axons were followed to one of the cut surfaces, and therefore could not be traced to their target. For similar reasons, the complete dendritic branching pattern could not be determined.
Statistical analysis
ANOVA or t-tests were used for comparisons between variables used to assess mIPSC characteristics and action potential properties. All data are presented as means ± standard error of the mean (SEM). When analyzing the frequency distribution of
RESULTS
To investigate the contribution of GABA A R-and GlyR-mediated inhibitory inputs on MVN neurons, we made whole-cell patch-clamp recordings in both current-and voltage-clamp configurations from mouse brainstem slices. Recordings were made from 96 MVN neurons in the presence of CNQX (10 µM) and TTX (1 µM). In 81 of these neurons we could record clearly resolvable mIPSCs at a holding potential of -70 mV. We examined the contribution of GABA A -and glycine-mediated synaptic transmission in neurons that were classified as either type A or B (n = 52). A subset of MVN neurons were also labeled with 0.5% Neurobiotin to determine whether there were morphological differences between MVN neurons based on their inhibitory profiles (n = 15) or action potential properties (n = 29). 
Inhibitory profiles of MVN neurons
To determine whether mIPSCs were mediated by GABA A , glycine, or both types of inhibitory receptor, we added bicuculline (10 µM), a selective antagonist for GABA A Rs, to the bath. In some neurons the addition of bicuculline abolished all synaptic activity. Such neurons were classified as expressing exclusively GABA A Rs (Fig. 3A) . In other neurons the addition of bicuculline had no effect on mIPSC frequency, and the subsequent addition of strychnine (1 µM), a selective antagonist of GlyRs, abolished all mIPSCs. Such neurons were classified as expressing GlyRs exclusively (Fig. 3B) . Finally, in some neurons addition of bicuculline decreased the frequency of mIPSCs, indicating that some, but not all, mIPSCs were GABA A Rmediated (Fig. 3C ). Subsequent addition of strychnine abolished the remaining synaptic activity indicating that the mIPSCs were GlyR-mediated. (Fig. 3A) . Six percent (5/81) received inhibitory inputs mediated exclusively by GlyRs (Fig 3B) and 25% (20/81) received Mixed inhibitory inputs (Fig. 3C) . Whether GABA A R and GlyRs are clustered underneath the same release site and activated by the co-release of both amino acid transmitters (Jonas et al. 1998), was not addressed in this study. for GABA A R-and GlyR-mediated events, respectively); however mean rates were not significantly different for the two types of events (1.1 ± 0.2 vs. 1.0 ± 0.5).
Quantitative classification of MVN neurons based on AHP properties
A principal aim of this study was to compare the contribution of GABA A -and glycine-receptor mediated inhibition in the two major types of MVN neuron observed in in vitro recordings. Our approach was to use a CsCl-based internal solution in our recording pipette and to determine MVN type, using methods described by Beraneck and co-workers (2003), and then assess mIPSC characteristics in the same neuron.
These experiments depend on characterizing action potential AHP features before Fig. 2A) .
Thirty-two MVN neurons were classed as type B neurons as they displayed a biphasic AHP and dV/dt showed a transient negativity (Fig. 2B) . Eight neurons could not be confidently classified as either type A or B based on the criteria described above.
Other studies (Beraneck et al. 2003; Gallagher et al. 1985; Serafin et al. 1991 13.8 ± 0.8 mV; P < 0.05) differed significantly in type A versus B MVN neurons, respectively. The discharge rate of type A neurons was also significantly higher than for type B neurons (29.7 ± 4.0 vs. 14.3 ± 1.3 Hz; P < 0.001).
Inhibitory profiles of type A and B MVN neurons
Since MVN neurons can be classified according to the shape of their AHP, and the type of inhibitory inputs they receive, we determined whether there was a differential distribution of inhibitory inputs onto type A and B MVN neurons. In 52 MVN neurons that could be confidently assigned as type A or B (see above) we were able to determine their inhibitory profiles ( 
Morphological characteristics of MVN neurons
A subset of MVN neurons were labeled with 0.5% Neurobiotin to determine whether there were location, and/or morphological differences between MVN neurons based on either action potential properties, or inhibitory profiles (Table 3 , and Fig. 7) . In 29 neurons, 7 were classified as type A and 22 were classified as type B (Table 3) . Soma area and maximal soma diameter were similar in type A and B MVN neurons (179.2 ± 27.8 vs. 162.1 ± 15.9 µm 2 and 21.4 ± 2.2 vs. 18.6 ± 1.6 µm, respectively). Similarly, no differences were observed in the number of primary dendrites (4.0 ± 0.5 vs. 3.9 ± 0.3). The morphological features of MVN neurons were also compared in cells with different inhibitory profiles. A sample of fifteen neurons was classified in this manner. Of these neurons, 10 received exclusively GABA A ergic inhibitory inputs, 1 received exclusively glycinergic inputs and 4 received mixed inhibitory inputs. Soma area, maximum soma diameter and number of primary dendrites were similar in neurons receiving exclusively GABA A ergic-, exclusively glycinergic-, or both types of mIPSCs (Table 3) . Taken together, these data suggest that neuron morphology is not associated with either its discharge characteristics or the type of inhibitory inputs it receives. Morphological characteristics were also not helpful distinguishing MVN neuron discharge properties in rat (Sekirnjak and du Lac, 2002) .
DISCUSSION
Inhibitory inputs to MVN neurons
Prior to this report, only one study has recorded mIPSCs and characterized the nature of spontaneous inhibitory synaptic transmission on MVN neurons in a mammal.
These experiments used young rats (P13-17) and showed that spontaneous Although a non-mammalian species, these studies showed the presence of both receptors and a significant developmental shift in the contribution of GABA A Rmediated (74% to 44%) and GlyR-mediated (26% to 56%) spontaneous IPSCs. Our data in mouse brainstem slices show that for MVN neurons displaying resolvable mIPSCs, almost all (94% = 69% GABA A ergic only + 25% Mixed) received GABA A R-mediated inhibitory inputs. In contrast, only 31% receive GlyR-mediated inhibitory inputs, (6% glycinergic only and 25% Mixed). Our results show that GABA A R-mediated inhibitory drive is directed to both type A and B MVN neurons. In contrast, GlyR-mediated inhibitory drive is confined almost exclusively to type B neurons. Our data are based on the observation that glycinergic mIPSCs are absent in type A neurons during the three minutes following bicuculline block. This, however, may not reflect a total lack of GlyRs. For instance, small glycinergic events may be obscured at room temperature due to their low frequency and reduced kinetics. However, since all neurons, regardless of type, were exposed to the same conditions, this strongly argues that the results reflect a fundamental difference in the inhibitory profiles of type A and B neurons. It is also possible that glycinergic receptors are located on distal dendrites of type A neurons and thus, in some cases, were removed during tissue processing. Again, this still represents a significant asymmetry in glycinergic synaptic transmission between type A and type B neurons. Brecht et al. 2004; Graham et al. 2004) , could be applied to MVN neurons to address this issue. Using this approach it would be possible to examine subthreshold events associated with a neuron's response to both natural stimulation (e.g. head rotation), and current injection. Such experiments would therefore allow the precise role of inhibitory synaptic transmission in functioning vestibular-mediated pathways to be determined. Table 3 ). Values are means ± SEM. No significant difference (P > 0.05) was observed between morphological properties of MVN neurons based on either inhibitory profiles or type (A or B).
